Dosage compensation equalizes the expression of sex-linked genes between males and females. Most genes on the X chromosome of male Drosophila are transcribed at an increased level, contributing to compensation. The roX1 and roX2 genes produce non-coding transcripts that localize along the X-chromosome of male flies. Although lacking sequence similarity, they are necessary but redundant components of a system that up-regulates gene expression. Simultaneous mutation of both roX genes disrupts the X-limited distribution of proteins that modify chromatin to enhance gene expression. We have generated and characterized loss of function roX1 alleles that display a continuum of activity. Those that support intermediate male survival have strikingly reduced RNA accumulation, while alleles with minor contributions to male viability typically lack detectable transcript accumulation. Severely mutated roX1 alleles retain some ability to direct modifying proteins to the X chromosome. This ability predicts the level of male survival that each allele supports. This points to a peripheral or transient role for roX in the RNA and protein complex that binds to and regulates the X chromosome. q
Introduction
Animals that use divergent chromosomes to determine sex, for example X and Y, must deal with a resulting imbalance in chromosome dosage in one sex. Overcoming this is the most immediate and vital aspect of sexual differentiation. Organisms have developed several strategies to equate the different X chromosomal complement of males and females, a process termed dosage compensation. Mammalian females selectively inactivate one X to form the Barr body (Preston et al., 1996) . By contrast, Drosophila males up regulate transcription of most genes on their single X chromosome by two fold (Arkhipova et al., 1997; Lucchesi and Manning, 1987) .
The components of Drosophila dosage compensation were identified by the male-specific lethality of mutations in the involved genes. maleless (mle), the male specific lethals 1, -2 and -3 (msl1, -2 and -3), and males absent on first (mof) are collectively known as the male-specific lethal genes (msls; reviewed by Meller and Kuroda, 2002) . Mutation of any single msl gene causes male lethality as third instar larvae or pupae, but none of these genes is essential in females. The MSL gene products form a complex that binds the male X chromosome, altering the chromatin to enhance gene expression. One of the MSL proteins, MOF, is a histone acetyltransferase with specificity for lysine 16 of H4. The male X chromosome is highly enriched for an isoform of histone H4 acetylated on lysine 16 (H4Ac16). A primary function of the MSL complex is believed to be direction of MOF to the X chromosome and modulation of its activity (Hilfiker et al., 1997; Lucchesi, 1996) .
The large, non-coding roX1 and roX2 RNAs (RNA on the X) are essential but redundant components of the dosage compensation machinery. Both roX RNAs are highly male-preferential in expression. Both roX genes are X-linked and their transcripts 'paint' the male X chromosome (Franke and Baker, 1999; Meller et al., 1997 Meller et al., , 2000 . No abnormal phenotype has been associated with a P-element insertion into roX1 (roX1 mb710 ), with an excision allele that lacks detectable expression in larvae or adults (roX1 ex6 ), or with any other simple roX1 mutation isolated to date. However, when the roX1 mb710 or roX1 ex6 alleles are combined with a deletion of roX2, a striking decrease in male viability is observed (Meller and Rattner, 2002) . Localization of the MSL complex to the X chromosome is disrupted in these flies, but the MSL proteins retain chromatin-binding ability, albeit in an abnormal pattern. The mutual inter-dependence of the roX RNAs and MSL proteins reflects their presumed function as a ribonucleoprotein complex, and, in accordance with this, the MSL proteins can be coimmunoprecipitated with one another and with roX RNA (Copps et al., 1998; Jin et al., 2000; Meller et al., 2000; Smith et al., 2000) .
Although flies and mammals use different strategies to equalize X-linked gene expression, non-coding transcripts direct compensation to the X chromosome in both systems (Andersen and Panning, 2003) . Mammalian females silence one of their two X chromosomes. The Xist transcript, produced from the inactive X, localizes along the length of the inactive X chromosome. Xist is essential for the recruitment of histone modifying factors (Plath et al., 2003; Silva et al., 2003) . These modifications are steps in a longer developmental process culminating in an X chromosome that is stably inactivated (reviewed by (Chadwick and Willard, 2003) . Although Xist coats the inactive X chromosome and is required for the establishment of silencing, it appears unnecessary for the maintenance of X inactivation (Csankovszki et al., 1999 (Csankovszki et al., , 2001 .
In both mammals and flies the RNA and proteins that mediate X chromosome compensation can be presumed to perform several functions. One of these is the selective recognition of the X. roX transcripts are necessary for correct targeting of the MSL complex to the X chromosome, but roX1 and roX2 are functionally redundant. In polytene preparations from males lacking roX2 and severely mutated in roX1, the MSL proteins are no longer exclusive to the X and can be seen binding to the chromocenter, the fourth chromosome, and a small number of heavily stained and puffed autosomal sites (Meller and Rattner, 2002) .
In spite of the importance of the roX genes, when males lack roX2 entirely or carry the severe roX1 mb710 and roX1 ex6 mutations, escaping males are recovered. Low, but easily detected, MSL enrichment is observed on the polytene X chromosome of male larvae. This is in contrast to the absence of escaper males when protein coding msl genes are mutated. The possibility of residual activity from the roX1 mb710 and roX1 ex6 alleles prompted a mutagenesis of roX1, producing a number of new alleles that display a remarkable continuum of activity. Mutations permitting intermediate levels of male viability, as well as ones displaying more severe phenotypes than those previously described were obtained. The level of male survival that each roX1 mutant supports corresponds with its ability to recruit MSL proteins to the X chromosome. A few roX1 mutations that sharply reduce transcript accumulation direct some MSL protein to the X chromosome and support intermediate levels of male survival. While our findings reinforce the idea that roX transcripts are necessary for targeting of the MSL complex to the X chromosome, they indicate that targeting is separable from roX accumulation. Although roX transcripts are stably associated with the MSL complex in wild type flies, the requirement for these transcripts in targeting of the complex may be transient.
Results

Molecularly severe roX1 alleles retain partial function
Male-specific lethality is expected for inactivating mutations affecting the male-limited dosage compensation system. In accordance with this, adult male escapers are not observed when genes encoding protein components of the dosage compensation system are severely mutated. Also as predicted, females are recovered in normal numbers when roX1 and roX2 are simultaneously mutated. However, the insertional mutant roX1 mb710 and an imprecise excision derived from it, roX1 ex6 , both support 5% escaper males in a roX2 mutant background (Meller and Rattner, 2002) . This could indicate a fundamental difference in the roles of the RNA and protein components of the MSL complex. Alternatively, recovery of escaper males could signal residual roX1 activity retained by the roX1 mb710 and roX1 ex6 alleles. A mutagenesis of roX1 was undertaken to address this possibility, and to generate a broader range of roX1 alleles. Simple excision alleles as well as more complex rearrangements were recovered. All of the mutations depicted in Fig. 1 are without discernable abnormal phenotype when a wild type copy of roX2 is present. roX1 and roX2 are situated on the X chromosome, necessitating recombination of roX1 mutations with a roX2 deletion before phenotypic testing. The roX2 deletion used, Df (1) each have lost between 2.3 and 2.4 kb, but support 100, 43 and 0.4% male survival. The position of the left break point, rather than absolute size of the deletion, determines the severity of simple excision mutations. This is illustrated by plotting the 5 0 and 3 0 break points against male survival (Fig. 1B) . The 3 0 break shows no correlation with male survival, indicating that essential, non-redundant elements do not occur between bp 1472, the site of insertion, and 3156, the right limit of roX1 ex40A (roX1 is 3.7 kb; numbering from Amrein and Axel, 1997) . By contrast, the 5 0 break predicts male survival. Male survival decreases as the break approaches and passes the roX1 transcription start site. To date, the only discrete region of roX1 that has been linked to transcript function is a stem loop from 3415 to 3474 (numbering from Amrein et al., 1997; Stuckenholz et al., 2003) . This region was not removed by any of the excisions created through mobilization of roX1 mb710 . roX1 SMC17A , a complex rearrangement resulting from gene conversion, is shown schematically in Fig. 1A . A full length LacZ gene, SV40 polyadenylation signal and 3 0 P-element end have replaced base pairs 204-2362 of roX1. roX1 SMC17A roX2 male escapers are recovered at 0.2% and typically die upon eclosion. Although several simple excisions remove more roX1 sequence, roX1 SMC17A has the most severe phenotype of the roX1 mutations isolated in this study, and it represents the only departure from linearity when 5 0 break points are plotted against male survival (shown in gray, Fig. 1B ). Other roX1 rearrangements with large insertions of foreign DNA have been characterized, and several of these support intermediate levels of male survival (data not shown). This argues that the presence of additional sequence is not sufficient to disable roX1 activity. We hypothesize that the severity of this mutation lies in efficient termination of transcription by the SV40 polyadenylation signal. The 5 0 and 3 0 ends of roX1 must be present in a single transcript for activity (Stuckenholz et al., 2003) . Polymerase utilizing the 5 0 transcription start site of roX1 SMC17A will encounter the SV40 polyadenylation signal before reaching essential 3 0 elements. This ensures that 5 0 and 3 0 ends of roX1 SMC17A are never present in a single transcript. The severity of roX1 SMC17A is particularly apparent when the survival of late third instar males carrying roX1 roX2 chromosomes is examined (Table 1) . roX1 mb710 roX2 and roX1 ex6 roX2 both support abundant and 37%, delayed 4-5 days (1825) 0.2% (4094) y C w roX1 roX2/Binsincy females were mated to yw males and the recovery of roX1 roX2 male larvae and adults determined. Males carrying y C w roX1 roX2 and Binsincy (y) were distinguished by mouth hook color. In each case female survival is expected to be 100%. The total number of individuals contributing to each determination is in parentheses.
a Meller and Rattner, 2002. b Escaping males died shortly after eclosion.
healthy third instar larvae. roX1 ex84A roX2 supports abundant but thin and slightly delayed larvae. roX1 SMC17A roX2 causes a three-fold reduction in the number of male larvae, and these may be recovered from the surface of the food only after a delay of several days. roX1 ex6 roX2 and roX1 mb710 roX2 produce 5% adult male escapers. Although emergence of these males is delayed, the escaping adults are long-lived and weakly fertile (Meller and Rattner, 2002) . The more severely affected roX1 ex84A roX2 chromosome produces 0.4% male escapers, which typically die shortly after eclosion. Only 0.2% of roX1 SMC17A roX2 males emerge from their pupal cases, and are also short lived. Although roX1 ex6 , roX1 mb710 and roX1 ex84A have sharply reduced roX activity, comparison with roX1 SMC17A suggests that each of these mutations retains a low, but genetically detectable, level of roX1 function.
Expression of mutated roX1 transcripts
Retention of activity by the severe excision alleles roX1 ex6 and roX1 ex84A , or by roX1 mb710 , which is interrupted by an insertion of over 18 kb, was surprising. The presence of mutated transcripts in these flies might explain residual activity. roX1 is abundantly expressed in both sexes between 2.5 and 9 h after embryo deposition, making early embryos an ideal source of RNA. A blot of poly (A C ) transcripts from roX1 mutant embryos was hybridized to a probe from the 3 0 end of roX1 that is retained by all mutations ( Fig. 2A) . A doublet at 3.5 kb was detected in wild type embryos (Fig. 2B ). This is indistinguishable from the roX1 doublet observed in wild type male adults, presumed to arise from alternative termination or splicing (Meller et al., 1997) . A doublet consistent with an internal deletion of 2.4 kb, was detected in roX1 ex40A . The only other signal was a barely detectable 4.5 kb transcript from roX1 mb710 . The probe is downstream from the P-element insertion, indicating that a transcript including the 3 0 end of roX1 is produced from this chromosome. In spite of the intermediate viability of roX2 males carrying roX1 ex7B or roX1 ex33 , no transcripts from either of these alleles, or the more strongly affected roX1 ex6 and roX1 ex84A , could be detected on RNA blots. If mutated roX1 transcripts are not polyadenylated efficiently they could be present and functional, but underrepresented in poly (A C ) RNA preparations. To address this possibility, total RNA from mutant and wild type embryos was blotted and probed. Transcripts of similar size to those in poly (A C ) preparations were detected in total RNA from wild type and roX1 ex40A embryos. No transcripts were detected from the other genotypes (data not shown). This discounts the possibility that mutated transcripts are absent because they are not polyadenylated. The relative expression levels of mutated transcripts were determined by quantitative PCR (Table 2) . While roX1 ex40A transcripts are abundant, the other genotypes displayed dramatically reduced roX1 accumulation. The level of roX1 ex33A accumulation in mixed sex embryos is less than 10% that of wild type roX1, and roX1 ex7B , roX1 mb710 , roX1 ex6 and roX1 ex84A are essentially undetectable. This is consistent with failure to detect transcripts by RNA blotting. Quantitative PCR was used to determine the abundance of mutated roX1 transcripts relative to the level of roX1 in wild type animals. cDNA prepared from total RNA was amplified in triplicate (see Materials and Methods for details). RNA was prepared from mixed sex embryos and third instar male larvae.
In situ hybridization of roX1 probes to larval tissues yielded complementary information about patterns of roX1 accumulation in mutants. A probe covering most the roX1 transcript improved sensitivity, but transcripts with internal deletions present smaller targets and will thus appear less intense (see materials and methods for probe description). When wild type and roX1 ex40A , each of which supports full male viability, were examined, roX1 transcripts could be observed in all larval tissues. roX1 ex40A could be detected painting the X chromosome in salivary glands, but the signal was noticeably weaker than in wild type males, and was restricted to the base of the salivary gland (top two rows in Fig. 3 ). Wild type roX1 signal is also more intense at the base of the salivary gland, but this distinction is not apparent unless development times are decreased. Although present throughout the CNS, roX1 ex40A accumulation was reduced in comparison to that observed in a wild type male. The roX1 ex40A transcript is present throughout the eye-antennal imaginal disc but at reduced levels, being especially low in the undifferentiated cells anterior to the morphogenetic furrow. roX1 mutations supporting 51% (roX1 ex33 ) or 43% (roX1 ex7B ) male survival further reduce transcript accumulation. No signal is detected in salivary glands from these males unless development times are greatly extended (not shown). However, roX1 ex33 and roX1 ex7B are easily detected in the mid brain and the eye-antennal imaginal disc posterior to the furrow (third and fourth rows of Fig. 3 ). roX1 mutations that support male viability of less than 10% either appear null (roX1 ex6 and roX1 ex84A ) or reveal a low level of signal that is at least in part attributable to unstable transcripts (roX1 mb710 ; see Rattner and Meller, 2004) . With the exception of roX1 ex40A , which is modestly reduced, the accumulation of mutated roX1 transcripts in larval males is so low that they can not be reliably detected by quantitative PCR (Table 2) .
MSL1 localization to the X chromosome reflects the phenotypic severity of roX1 mutations
The survival of some males that lack roX2 and carry a roX1 gene so severely mutated that transcript accumulation is weak or undetectable is puzzling. It is possible that low levels of the MSL proteins on the X chromosome achieve partial compensation. It is also possible that, in spite of the stability of wild type roX transcripts on the X chromosome, roX is only required transiently to direct the MSL complex to the X chromosome. We determined the ability of mutated roX1 alleles to direct the X-localization of the MSL proteins. roX1 transcript levels are severely affected in the salivary glands from mutant larvae, ensuring that MSL localization, if it does depend on roX accumulation, will be disrupted in this tissue. Males mutated for both roX genes produce poor chromosome preparations, but females ectopically expressing MSL2 from the [w C hsp83-M2] transgene form intact MSL complexes that localize to both X chromosomes . The accompanying increase in transcription of both X chromosomes is lethal, but females are rescued by mutation of the roX genes (Meller and Rattner, 2002) . Females carrying [w C hsp83-M2] were therefore used to determine the effects of the more severe roX1 mutations on MSL localization. roX1 ex40A , which supports full male viability in spite of deletion of most of the gene, directs MSL1 localization indistinguishable from that observed in a wild type male (Fig. 4A, B) . The roX1 ex7B allele, which supports male survival of 43%, recruits noticeably less MSL1 to the X chromosome (Fig. 4C) . MSL1 binding to autosomal sites is apparent in preparations from roX1 ex7B roX2 larvae, even though most MSL1 remains on the X chromosome. Preparations from larvae carrying the roX1 ex6 roX2 chromosome show a further decrease in MSL1 recruitment to the X chromosome and a commensurate increase in the accumulation of MSL1 on autosomal sites (Fig. 4D) . These ectopic sites are the most prominent MSL1 signals in these preparations. The most severe alleles roX1 ex84A and roX1 SMC17A display even further reduction in MSL1 on the X chromosome, although a few sites still retain detectable signal (Fig. 4E, F) . For roX1 SMC17A roX2, signal is weaker throughout than for the other severe genotypes. In roX1 SMC17A roX2 preparations the ectopic sites of MSL1 localization on the autosomes and chromocenter remain as intense as in roX1 ex6 roX2 larvae, indicating that these sites are independent of roX function.
X-linked sites retaining MSL1 in roX1 roX2 males are not identical to msl3 high affinity sites
The retention of a small number of X-linked MSL binding sites in roX1 roX2 flies is reminiscent of the high affinity sites revealed upon removal of msl3 (Lyman et al., 1997) . These have been proposed to be assembly or entry points for the MSL complex, from which the complex spreads to cover the X chromosome (Park et al., 2002) . This idea is in part based on the observation that roX1 and roX2 overlap two of the high affinity sites (Kelley et al., 1999) . Examination of these sites on a roX2 mutant chromosome confirmed loss of the roX2-associated site. The roX1-associated site was absent from all roX1 mutant chromosomes examined, with the exception of roX1 mb710 (not shown). In an msl3 genetic background, the most prominent sites of residual MSL staining on chromosomes carrying single roX mutations appear identical to those previously mapped, with the exception of the roX-associated sites themselves. To determine if sites that retain MSL1 in msl3 mutants are the same as those retaining MSL1 in roX1 ex6 roX2 mutants, we mapped prominent sites of MSL1 binding in roX1 ex6 roX2 mutants and compared their positions to previously identified msl3 sites (Table 3) .
Half of the 29 high affinity sites detected in msl3 flies overlap sites that retain MSL1 in roX1 roX2 flies. However, the intensity of residual MSL1 in roX1 roX2 preparations is more variable than that in msl3 mutants. In addition, several Fig. 3 . Mutated roX1 transcripts can be visualized in larval tissues by in situ hybridization. Whole mount in situ hybridization was performed with an antisense roX1 riboprobe detected by alkaline phosphatase (see materials and methods for probe description). All males were wild type for roX2, and consequently healthy and fully viable. positions not noted in msl3 mutants do retain MSL1 in roX1 roX2 mutants. For example, a prominent pair of sites at 12F and 13A (two dots in Fig. 4H ) are retained in all roX1 roX2 preparations. A cluster of high affinity sites at 11B-D (single arrowhead in Fig. 4H ) is present but weaker on roX1 roX2 chromosomes ( Fig. 4I-N) , and a puff at 15C retains MSL1 in roX1 roX2 flies but is not a high affinity site (asterisk in Fig. 4J, H) . Although the 15C site is detected in all preparations carrying severe roX1 alleles, the intensity of MSL1 immunostaining is stronger in roX1 ex6 than roX1 ex84A or roX1 SMC17A . This is consistent with our observation that X-linked sites retaining MSL1 in roX1 roX2 preparations tend to remain constant, but their intensity diminishes with the severity of the roX1 allele.
2.5. Over expression of MSL1 and MSL2 suppresses male lethality in severe roX1 roX2 mutants Elevation of cellular levels of MSL1 and MSL2 partially suppresses lethality in males carrying a roX1 ex6 roX2 chromosome (Oh et al., 2003) . The identification of more severe roX1 alleles allowed us to test the dependence of this suppression on residual roX activity. This is accomplished with an msl1 transgene ([w C hsp83-M1]) and an msl2 transgene ([w C hsp83-M2]), each driven by a heat shock promoter . These transgenes are quite toxic to females, and also deleterious to males that are wild type for roX1 and roX2 (top line of Table 4 ). Females carrying both msl transgenes were partially rescued by heterozygosity for a roX1 roX2 chromosome, consistent with prior observations that mutation of a single roX gene afforded intermediate rescue of females expressing MSL2 (Meller and Rattner, 2002) . The survival of roX1 ex6 roX2, roX1 ex84A roX2 and roX1 SMC17A roX2 males was improved by over expression of MSL1 and MSL2. The recovery of adult males expressing MSL1 and MSL2 is clearly dependent on the strength of the roX1 allele present. We conclude that rescue of roX1 roX2 males by elevation of MSL1 and MSL2 is at least partially dependent upon roX activity.
Discussion
The need to accurately target modifications to an entire chromosome is shared by organisms that compensate the gene dosage of their sex chromosomes. The roX genes occupy a central position in the targeting of MSL complexes to the single X chromosome of Drosophila males. The surprising finding that even molecularly severe roX1 mutations with dramatically reduced transcript accumulation, such as roX1 ex7B and roX1 ex33A , or no detectable accumulation, such as roX1 ex6 , retain a low level of roX activity raises questions about the role of roX transcripts in this process. The roX genes appear capable of directing the MSL complex to the X chromosome in two distinct ways. Both roX genes are able to direct compensation to chromatin in cis. This activity appears to reside, at least in part, in short DNA sequences overlapping roX1 and roX2. These sequences attract residual MSL proteins in msl3 mutants and form DNase hypersensitive sites (DHS) in males (Kageyama et al., 2001; Oh et al., 2003) . roX1 ex40A , deleted for the DHS, supports full male viability when roX2 is also deleted. This indicates that neither roX-associated DHS is necessary for effective dosage compensation. However, these experiments do not eliminate the possibility that other cis-acting sequences associated with the roX genes are capable of activity.
In addition to the speculative importance of cis-acting sequences, roX RNA is necessary for ensuring exclusive localization of the MSL proteins to the X chromosome. Proteins similar to the MSLs are found in organisms from yeast to humans, suggesting that dosage compensation in Drosophila originated with the recruitment of preexisting regulatory factors to the X chromosome (Eisen et al., 2001; Pannuti and Lucchesi, 2000) . Silencing of the mammalian X chromosome similarly depends on recruitment of conserved regulatory factors, including the Polycomb Group (Pc-G) proteins, by Xist (Plath et al., 2004; Silva et al., 2003) . The shared reliance on non-coding RNA to direct chromatinmodification complexes to specific chromosomes is likely to reflect the origin of dosage compensation (Kelley et al., 1999) .
In cells that dosage compensate normally, roX transcripts are immunoprecipitated with the MSL proteins (Meller et al., 2000; Smith et al., 2000) . This has been taken as an indication that roX association with the complex is constant and likely to be the factor that ensures X-localization. However, roX1 mutations that support intermediate levels of MSL1 localization to the X chromosome, such as roX1 ex7B and roX1 ex33A , do so with strikingly diminished levels of mutant transcript. One possibility is that mutated roX transcripts transiently associate with the MSL proteins during targeting of the complex. roX1 ex7B transcription appears normal, supporting the idea that mutated transcripts may transiently associate with the MSL proteins (Rattner and Meller, 2004) . The association of MSL proteins with chromatin, once established, may be stable even in the absence of roX transcript. It is also possible that the requirement for MSL proteins to bind the X chromosome is itself transient. One of the primary functions of the MSL complex is believed to be histone H4 acetylation. A subsequent sex-specific remodeling of X chromatin depends on enrichment for H4Ac16 (Corona et al., 2002) . This suggests that compensation of the male X chromosome is comprised of an ordered series of chromatin modifications. In spite of the long term association of the MSL complex with the male X chromosome, it may only be crucial for initial steps. This model is similar to that for the function of Xist in recognition and modification of the X chromosome of mammalian females. Xist production is required for initiation of compensation. An early event is Xist spreading from its site of synthesis to coat one of the two X chromosomes (reviewed by Wutz et al., 2002) . Xist recruits Pc-G complexes that are responsible for methylation of H3 (Plath et al., 2003 (Plath et al., , 2004 Silva et al., 2003) . Subsequent modifications, including DNA methylation, render the X chromosome refractory to reactivation even after Xist removal (Csankovszki et al., 1999) .
The most prominent accumulation of roX1 ex7B and roX1 ex33A transcripts in eye-antennal imaginal discs is in the morphogenetic furrow and posterior to the furrow. These cells are exiting the cell cycle and undergoing terminal differentiation. Although the current studies do not differentiate between tissue-specific factors increasing roX1 transcription and differential transcript stability, they do reveal that local levels of mutated roX transcripts may be highly variable. In spite of a dramatic, overall reduction of roX1 in the roX1 ex7B and roX1 ex33A mutants, regions of local accumulation may support targeting of the MSL complex at critical developmental stages, allowing the ultimate recovery of male escapers.
When increasingly severe roX1 mutations are the only roX source, the amount of MSL1 localized to the X chromosome is decreased and ectopic MSL1 binding to autosomal sites is observed. Two potential sources of gene misregulation may consequently contribute to the poor survival of roX1 roX2 males. Failure to direct MSL complex to X-linked genes is believed to cripple dosage . All females carry a wild type X chromosome in addition to a roX1 roX2 chromosome (see materials and methods for a description of crosses). The number of individuals of each genotype is in parentheses. 
roX2 preparations were scored fromCCC(strongest) to G (weak, intermittent). ND, not determined. The mapping of sites retained in msl3 mutants is from Lyman et al., 1997 . These sites are classed asCC (consistently detected) orC(not observed in very nucleus). roX1 and roX2 (shaded) are detected in msl3 but mutated on roX1 roX2 chromosomes.
compensation, leading to under expression of most of the X chromosome. This is presumed to be the source of lethality when an msl gene is mutated. However, roX1 roX2 males also display ectopic binding of the MSL complex at autosomal sites, and it is plausible that this results in misregulation of autosomal genes. Although roX1 alleles with intermediate levels of male survival direct considerable MSL protein to the X chromosome, they fail to ensure exclusive X-localization. Reduced male survival could thus be due to reduction in X-linked gene expression, misregulation of autosomal genes, or both. Simultaneous over expression of MSL2 and MSL1 increases the survival of roX1 roX2 males in spite of the fact that this treatment increases binding of the MSL proteins to ectopic autosomal sites as well as to the X chromosome (Demakova et al., 2003; Oh et al., 2003) . This points to a deficit in MSL protein binding to the X chromosome, rather than mislocalization to ectopic sites, as the primary source of mortality in roX1 roX2 mutant males.
The nature of the X-linked sites that retain MSL proteins in different mutant backgrounds is a continual source of speculation. In severe roX1 roX2 mutants sites retaining MSL1 on the X chromosome appear superficially similar to those visualized in msl3 backgrounds. However, the high affinity sites visualized in msl3 mutants are bright and fairly uniform, but residual MSL1 sites in roX1 roX2 flies are quite variable in intensity. Some sites retaining MSL1 in roX1 roX2 males also appear puffed. A comparison between sites observed in msl3 and roX1 roX2 mutants reveals that about half the msl3 high affinity sites are cytologically indistinguishable from sites that retain MSL1 in roX1 roX2 flies. Eight sites are only detected in msl3 larvae, two of these being the roX1 and roX2 genes themselves. The DNA sequences that form the roX-associated sites are deleted by the roX mutations used (Kageyama et al., 2001; Kelley et al., 1999; Oh et al., 2004 ). An additional 8 sites are only detected in roX1 roX2 larvae. The heterogeneity of msl3 high affinity sites was established by identification of a site not associated with a roX gene (Oh et al., 2004) . The current study suggests an even greater level of diversity. This may reflect differing strategies for capturing the dosage compensation machinery employed by chromatin domains or individual genes.
The level of MSL1 protein recruitment to the X chromosome appears linked to the severity of each roX1 mutation. roX1 ex6 and roX1 mb710 support a greater enrichment of MSL1 on the X chromosome than the more severe alleles roX1 ex84A and roX1 SMC17A . Although over expression of MSL1 and MSL2 partially rescues all roX1 roX2 males, the level of male rescue remains linked to the severity of the roX1 allele being tested. These observations provide evidence for male benefits derived from roX1 ex6 and roX1 mb710 . The ability of these severely mutated roX1 genes to continue to direct some MSL protein to the X chromosome, although surprising, accounts for escaper males that each supports. By contrast, the severity of the roX1 SMC17A roX2 phenotype approaches that for mutation of a protein-coding msl gene. The nature of the roX1 SMC17A mutation, introduction of a transcriptional stop signal between two essential regions of roX1, suggests that inability to produce a partially functional transcript underlies the severity of this particular mutation. The severity of the roX1 SMC17A roX2 phenotype discounts the possibility that unidentified genes with weak roX function contribute to the support of escaper males.
Experimental procedures
Fly culture and strains
Drosophila were maintained at 258 on standard cornmeal-agar fly food in a humidified incubator. The roX1 mb710 mutation and the roX1 ex6 deletion have been previously described (Kelley et al., 1999; Meller et al., 1997) .
roX1 mutagenesis
Excision mutations were produced by mobilization of the ry C plArB element in roX1 mb710 . Candidate excisions were screened by amplification with primer pairs flanking the P-element insertion site. roX1 SMC17A is a complex rearrangement resulting from gene conversion induced by P-element mobilization. A complete description of complex rearrangements of roX1, including roX1 SMC17A , will be published elsewhere (Deng et al., in preparation).
4.3. Phenotypic testing of roX1 alleles roX1 alleles were recombined onto chromosomes carrying Df(1)52. The survival of males carrying these chromosomes was determined by mating females heterozygous for roX1 Df(1)52 and a balancer chromosome to males carrying an autosomal insertion of [w C 4D4.3], necessary to rescue the viability of males carrying the Df(1)52 chromosome. Male survival was based the recovery of females from the same cross.
Rescue of roX1 roX2 males with msl1 and msl2 transgenes
Females carrying a roX1 roX2 chromosome (y w roX1 ex6 roX2, y w roX1 ex84A roX2, or y 
RNA blotting
Two mg of poly(A)
C RNA or 20 mg of total RNA from 0 to 12 h mixed sex embryos was electrophoresed per lane.
Blotting and hybridization followed a published protocol with the exception that hybridization and washes were performed at 508 (Dauwalder et al., 2002) . Probes were synthesized by random prime labeling of a PCR fragment representing bases 3240-3733 of the roX1 transcript (roX1 F8, TCAGTGTTCAGCACCTCGTC and roX1 R8, TTTTGGGCACTTGGTGAAG) (numbering from (Amrein and Axel, 1997 ).
Quantitative PCR analysis
1 mg of total RNA from 0 to 12 h embryos or third instar male larvae was reverse transcribed using random hexamers and ImProm-II reverse transcriptase (Promega). The PCR reaction consisted of cDNA template (5 ml of a 1:50 dilution), 0.3 mM each primer, and SYBR Green PCR Master Mix (Applied Biosystems) in a total volume of 25 ml. Primers were: roX1 F3377 TTTTGTCCCACCC-GAATAAC, roX1 R3448 CCTTTTAATGCGTT TTCCGA. Three reactions per template were performed in parallel using an Mx 3000 P Real-Time PCR system (Stratagene). Threshold values were normalized to Bigmax.
Histology
Detection of roX transcripts by in situ hybridization has been described (Meller, 2003) . DIG-labeled antisense probes were transcribed from templates corresponding to bp 475-3775 of roX1. Immunhistochemical detection of MSL1 on polytene chromosomes was done as previously described (Kelley et al., 1999) .
Photography
Visualization and photography were performed with a Zeiss Axioscope 2 fitted with an Axiophot photography system.
